Purpose Composting of harvested Salvinia natans weed of Loktak lake of Manipur, India can protect the precious lake from the unwanted growth of the weeds but there is a need to assess the total amount and bioavailable forms of heavy metals and minerals of the final compost before application as a soil conditioner. Methods Studies were conducted on the transformations of the physico-chemical parameters and the total amount, bioavailable and leachable forms of heavy metals and minerals during agitated pile composting of S. natans with rice husk and cattle manure in five different combinations [trial 1 (5 S. natans: 4 cattle manure: 1 rice husk), trial 2 (6 S. natans: 3 cattle manure: 1 rice husk), trial 3 (7 S. natans: 2 cattle manure: 1 rice husk), trial 4 (8 S. natans: 1 cattle manure: 1 rice husk) and trial 5 (10 S. natans: 0 cattle manure: 0 rice husk)]. Results The highest temperature (52.2°C) was monitored in trial 2 having 30 % cattle manure during the process. Highest reduction of moisture content and volatile solid in trial 2 corroborated the temperature profile. Total concentrations of heavy metals (Zn, Cu, Mn, Fe, Ni, Pb, Cd and Cr), total concentration of nutrients (Na, K, Ca, and Mg) and the water-soluble forms of the nutrients were enhanced significantly. The water-soluble, plant-available and leachable metals decreased favorably with maximum reduction observed mostly in trial 2. The study also revealed that the total concentrations of Zn (211-254 mg/ kg), Ni (310-345 mg/kg) and Pb (805-891 mg/kg) of the final composts were higher than that of Cr (140-207 mg/ kg) but the water-soluble forms of Zn (3.6-4.7 % of total Zn), Ni (NIL) and Pb (0.7-1.0 % of total Pb) were lower than that of .3 % of total Cr) indicating that Cr in the composts had higher toxicity potential. The leachable heavy metals were within the threshold limits prescribed for agricultural application. Conclusions Composting of S. natans biomass with appropriate proportion of cattle manure reduced the bioavailable and leachable forms of the heavy metals in the biomass.
Introduction
Northeast India has vast natural productive wetlands which support valuable biodiversity or heterogeneity. Loktak lake is one of the important wetlands in the region and plays an important role in providing regional ecological and economic security. The lake is situated in the southern part of the Manipur valley in Bishnupur district (24°25 0 -24°42 0 N; 93°46 0 -93°55 0 E) and is the largest natural fresh water lake of northeast India. It covers an area of about 287 km 2 which varies with the maintenance of water level of Ithai barrage across the outlet of the lake (768.5 m above mean sea level). The main characteristic feature of the lake is the presence of floating islands, locally called 'phumdis' which are heterogeneous mass of soil, vegetation and organic matter at various stages of decomposition and occurring in different sizes. There are also many aquatic species in the clear water zone of the lake and the dominating invasive species, Salvinia natans has profusely outgrown and damaged the aquatic ecosystem by its rapid growth and displacement of native plants that provide food and habitat to the native animals and waterfowl.
Proliferation and change in the character of phumdi and the aquatic weeds have led to the problems of eutrophication; water quality deterioration; decline in fish production; reduction of water storage capacity; interfering with the production of agricultural crops; and blockage of channels leading to retardation of natural water flow. These all have resulted in seriously affecting the overall health of the lake (Santosh and Bidan 2002) . The authors have demonstrated the potential for effective composting of phumdi biomass (Singh and Kalamdhad 2014c; Singh et al. 2014) . The S. natans of Loktak lake may also be suitably used for bioprocessing or biomass conversion due to high organic content (Devi et al. 2002; Mande and Lata 2005) . Therefore, composting followed by land application can be one of the economical options for the treatment and disposal of the hugely available S. natans biomass harvested to control its proliferation in the lake.
Composting of S. natans is not reported anywhere and there is scope for investigation in using it as organic manure and as a soil conditioner. But the phumdis and weeds act as a biological sink of the pollutants coming into the lake and there is possible presence in their biomass-heavy metals which have the potential to cause adverse effect on the environment from the application of the resulting composts. High and excessive accumulation of heavy metals in the soil, their uptake by plants, successive accumulation in human tissues, and biomagnifications through the food chain are the main concerns for health and environment (Wong and Selvam 2006; Iwegbue et al. 2007; Chiroma et al. 2012) . The heavy metals exert toxic effects on soil microorganisms resulting in the change of diversity, population and overall activity of the soil microbial communities (Ashraf and Ali 2007) . It is the bioavailable and leachable forms of the heavy metals rather than the total heavy metal concentrations that provide useful information about the risk of toxicity and remobilization of the heavy metals in the environment (Liu et al. 2007) . Bioavailable forms of heavy metals may be: (1) water-soluble heavy metals which are the most biologically active heavy metals. They have the highest potential for contaminating the surface and ground water and entering the food chain (Iwegbue et al. 2007 ); (2) diethylenetriamine penta-acetic acid (DTPA)-extractable heavy metals which are the plant-available metal forms at regular or higher concentrations (Samuel et al. 2013) . DTPA is a chelating agent that mimics plant uptake of heavy metals by extracting carbonate-bound and organic-bound metal fractions of calcareous soils .Therefore, assessment of DTPA-extractable metal fraction is carried out as a supplemental approach to check the plant availability of heavy metals (Bragato et al. 1998; Fang and Wong 1999; Fuentes et al. 2006) ; and (3) leachable heavy metals which are the mobile forms of the metals associated with the movement of organic and inorganic analytes present in the liquid, solid and multi-phasic forms of the wastes. The leachable heavy metals are determined through toxicity characteristic leaching procedure (TCLP) tests. If the TCLP extract of the test indicates that the heavy metals are present at concentrations above their regulatory levels after accounting for dilution from other fractions of the extract, then the waste is hazardous (US Environmental Protection Agency 1992).
Much work has been carried out on the bioavailability of heavy metals during composting of water hyacinth and phumdi biomass using different techniques (Singh and Kalamdhad 2012, a, b; Singh et al. 2014) . However, no such study has been reported during composting of S. natans weed. Therefore, the aim of the study was to determine the variations of total heavy metals and minerals and their bioavailability during the agitated pile composting of S. natans amended with cattle manure and rice husk. The study also investigated the leachability of the heavy metals during the composting process.
Materials and methods

Feedstock materials
Salvinia natans was collected from Loktak lake near Thanga village, Bishnupur district, Manipur, India by the local boatmen and brought to the composting shed of Manipur Pollution Control Board, Imphal, Manipur, India. Cattle manure and rice husks were obtained from Central Agriculture University, Imphal, India. The S. natans was prepared for composting through cutting/shredding (maximum size restricted to 10 mm to provide better aeration and moisture control) and uniform premixing with cattle manure and rice husk. The initial characteristics of the composting materials and the proportion of the materials of the five trials are shown in Table 1 .
Agitated pile composting
Composting materials were formed into trapezoidal piles (length 240 cm, base width 40 cm, top width 10 cm and height not less than 30 cm) with length to base width (L/ W) ratio 6 (Singh and Kalamdhad 2012, 2014c) . The five different agitated piles containing 150 kg of waste mixture were composted for 30 days and sampling was carried out after manual turning on 0, 3, 6, 9, 12, 15, 18, 21, 24 , 27 and 30th days. Grab samples were collected from five different locations mainly from the mid and end portions of the piles to make up 1 kg and thoroughly mixed to form a homogenous sample. Collected samples were immediately air dried at 105°C in oven, ground to pass through 0.2 mm sieve and stored for analysis of the physico-chemical parameters.
Physico-chemical analysis
A digital thermometer was used for measuring temperature during the composting process. Moisture content (MC) was determined from weight loss of the wet compost sample (105°C for 24 h) using the gravimetric method (BIS 1982) . The pH and electrical conductivity (EC) of the compost samples were measured using a pH and a conductivity meter (BIS 1982) on the filtrate (Whatman filter paper no. 42) of 10 g of the sample shaken with 100 mL distilled water in a horizontal shaker for 2 h and kept for h for settling down of the solids. Volatile solids (VS) were determined by the ignition method (550°C for 2 h in muffle furnace) (BIS 1982) . The Flame Photometer (Systronic 128) was used for analysis of sodium (Na), potassium (K) and calcium (Ca) concentrations, whereas atomic absorption spectrometer (Varian Spectra 55B) was used for analysis of magnesium (Mg), zinc (Zn), copper (Cu), manganese (Mn), iron (Fe), nickel (Ni) , lead (Pb), cadmium (Cd) and chromium (Cr) concentrations after digestion of 0.2 g dry sample with 10 mL of 5 H 2 SO 4 and 1 HClO 4 mixture in block digestion system (Pelican Equipments Chennai-India) for 2 h at 300°C (Singh and Kalamdhad 2013a, b) .
Water-soluble nutrients and heavy metals were determined after extraction of 2.5 g sample with 50 mL of distilled water at room temperature for 2 h in a shaker at 100 rpm (Singh and Kalamdhad 2013b) . Diethylene triamine penta-acetic acid (DTPA) extraction of the metals was carried out by mechanically shaking 4 g ground sample (screened through 0.22 mm sieve) with 40 mL of 0.005 M DTPA, 0.01 M CaCl 2 and 0.1 M (triethanolamine) buffered to pH 7.3 at 100 rpm (Guan et al. 2011) . Toxicity characteristic leaching procedure (TCLP) test was performed according to USEPA Method 1311 (US Environmental Protection Agency 1992). Accordingly, 5 g compost sample (size less than 9.5 mm) with 100 mL of acetic acid at pH 4.93 ± 0.05 (pH adjusted with 1 N NaOH) was taken in 125 mL reagent bottle and kept at room temperature for 18 h in a shaker at 30 ± 2 rpm. The suspensions were centrifuged for 5 min at 10,000 rpm, filtered through Whatman filter paper no. 42 and the filtrate was stored in a plastic reagent bottle at 4°C for analysis of 
Results and discussion
Physico-chemical analysis Figure 1 shows the temperature profile of the five piles during the composting. The temperatures of the piles increased rapidly within 2 days of the composting process. The highest temperature (52.2°C) was measured on 4th day in trial 2 pile whereas the maximum temperature of trial 1 pile was 49.8°C on the 6th day. Piles of trials 3 and 4 showed maximum temperatures of 43.2 and 42.3°C on the 8th day of the composting, respectively. The pile of control trial 5 showed maximum temperature of only 32.2°C on the 5th day of the process indicating that that pile composting of S. natans without addition of cattle manure and rice husk was not feasible. The temperature increased in all the piles due to the release of heat caused by microbial catabolism. The variation in pH, MC, EC and VSs is shown in Fig. 2 . The pH of all the trials increased significantly (ANOVA, P \ 0.05) during the composting process from 6.2 to 7.5, 6.1 to 7.4, 6.2 to 7.4, 6.2 to 7.1 and 5.6 to 6.8 in trials 1, 2, 3, 4 and 5, respectively (Fig. 2a) . The increase in pH can be attributed to ammonification or mineralization of organic nitrogen (Wong et al. 2001 ) and release of basic salts or degradation (decarboxylation) of organic acids (Cayuela et al. 2008 ) due to the microbial activity. The pH of trial 4, having highest proportion of cattle manure and least void spaces, increased only after 6 days due to the comparatively higher absorption of CO 2 and formation of organic acids preventing pH rise. In case of control trial 5 without cattle manure and saw dust, the initial pH of S. natans was below 6. The pH increased rapidly due to availability of sufficient oxygen from regular turning and the low temperature profile of the pile (below 40°C) (Smars et al. 2002) . The observed pH values were within the optimal range required for the development of bacteria (6.0-7.5) and fungi (5.5-8.0), and the variation in pH is similar with the results of pile composting of water hyacinth (Prasad et al. 2013; Singh and Kalamdhad 2013a, b) .
US Composting Council prescribes a maximum limit of 60-80 % MC for the composting materials (TMECC 2002) . The composting material should have bare minimum MC for the survival of microorganisms, whereas the rate of oxygen diffusion of the pores decreases when MC is high. Moisture is liberated as water vapor during the composting process and the loss of moisture can be viewed as an index of decomposition rate (Liao et al. 1996) . The order of moisture loss in the piles was: trial 2 (30.8 %) [ trial 1 (24.9 %) [ trial 3 (20.8 %) [ trial 4 (16.8 %) [ trial 5 (13.1 %) (Fig. 2b) . Therefore, trial 2 had the highest decomposition rate which was in agreement with the temperature profile of the piles. The MCs in all the piles were mostly above 60 % during the active phase. ANOVA analysis shows significant variation of MC among the trials (P \ 0.05). Figure 2c shows that there was an initial increase in the EC of the S. natans composts of all trials due to the release of mineral salts such as phosphates and ammonium ions during the decomposition of organic matter (Fang and Wong 1999) . The volatilization of ammonia and precipitation of mineral salts could be the reasons for the subsequent decrease of EC in trials 1, 2, 3 and 4 (Wong et al. 2001 ). In the final composts, the ECs measured were 3.2, 2.7, 2.8 and 3.1 dS/m in trials 1, 2, 3 and 4, respectively. The final EC (3.7 dS/m) of trial 5 was higher than the initial EC (3.4 dS/m) after 30 days. EC of the compost reflects its degree of salinity (Huang et al. 2004 ). A Fig. 1 Temperature profiles of the piles during composting common disadvantage of compost as fertilizer is weakening of the water intake ability of plants due to osmotic effect from high salt concentrations (Koivula et al. 2004 ). EC about 4 dS/m or higher in composts will adversely influence plant growth, e.g., low germination rate, withering, etc. (Chen 1999; Lin 2008; Gao et al. 2010 ). Therefore, composts with high EC value must be mixed well with soil or other materials with low EC before application for growing crops. The variation of EC among all trials was statistically significant (P \ 0.05).
The VS content is an indicator of organic matter present in the compost and decreases during the composting process due to degradation of the organic components by the microorganisms and loss of carbon in the form of CO 2 . In the present study, the highest reduction of VS (31.4 %) was observed in trial 2 and the order of reduction was trial 2 (31.4 %) [ trial 1 (29.7 %) [ trial 3 (24.1 %) [ trial 4 (14.7 %) [ trial 5 (9.9 %) (Fig. 2d) . The reductions in the concentration of the VS in all the five trials were significant (P \ 0.05).
The changes in concentrations of nutrients (total and water-soluble forms) and heavy metals (total and watersoluble forms) during the composting process are shown in Tables 2 and 3 , respectively. The total concentrations of nutrients (Na, K, Ca and Mg) and heavy metals (Zn, Cu, Mn, Fe, Ni, Pb, Cd and Cr) increased due to weight loss of the dry matter from the decomposition of the organic matter resulting in release of CO 2 and the subsequent mineralization during the composting process (Singh and Kalamdhad 2013a) . The order of total nutrients and heavy metal concentrations of S. natans compost was as follows:
In case of phumdi biomass composting, the order of metal concentrations of phumdi compost was . Increase of concentration of trace elements in soils due to prolonged application of composts may cause toxicity to plants, animals and humans. Therefore, bioavailability studies of the heavy metal contents of the S. natans composts are extremely important before applying the compost to the agriculture field.
Bioavailability of nutrients and heavy metals
Water-soluble nutrients and heavy metals
The water-soluble nutrients of the final composts of all trials increased in the range of about 10.9-26.4 % for Na, 14.8-55.1 % for K, 14.2-40.1 % for Ca and 17.4-66.2 % for Mg (Table 2) . Lowest enhancement in water solubility of K, Ca and Mg was in trial 5 which contained only S. natans biomass. Similar results were also reported during the agitated pile composting of phumdi biomass . The increase in concentration of water-soluble nutrients was also due to weight loss of the dry matter during the decomposition and mineralization of the organic matter (Singh and Kalamdhad 2012) . The variation in concentration of watersoluble nutrients among all trials was significant (P \ 0.05).
Water-soluble fraction of heavy metals are the most easily bioavailable fraction and belongs to the most toxic constituents of composts (Singh and Kalamdhad 2013b, c, 2014a) . The concentration of the water-soluble forms of heavy metals (Zn, Cu, Mn, Fe Pb and Cr) reduced significantly (P \ 0.05) in all trials during the composting of Water-soluble Ni and Cd were not detected in the composts similar to the results of phumdi biomass compost ). Reduction of water-soluble forms of Zn, Cu, Mn, Fe, Pb and Cr during the process may be attributed to the binding of the metals with the -OH and -COOH groups enriched by cattle manure. These groups and the newly formed humus increased the binding sites and combined with metals (released during mineralization of organic biomass) to form insoluble and immobile complexes (Guan et al. 2011; Singh and Kalamdhad 2013a, 2014a) . The increase in concentration of water-soluble Fe was reported during phumdi biomass composting without cattle manure but in the present study the concentration of water-soluble Fe was reduced in all the trials. The reduction of water-soluble fraction of heavy metals was also reported by other researchers during solid waste composting (Castaldi et al. 2005; Singh and Kalamdhad 2013b, c) .
The solubility of the nutrients and heavy metals depends on the solubility equilibria for which the initial concentration of the ions, pH, complex formations, etc, are important (Larson et al. 1973; Benefield et al. 1982; Wang et al. 2009 ). The pH of the S. natans composts was in the range where the alkali or alkaline earth metals (i.e., Na ? , K ? , Ca 2? , Mg 2? , etc) were soluble. The possible reason for the decrease in water-soluble trace metals was the formation of complexes with the heavy metal ions. Composting results in humification of the organic matter with the formation of humus substances rich in humic acid-like organic carbons having increased aromatic characteristics; oxygen and nitrogen concentrations; functional groups; etc., depending on the nature and composition of the initial organic matter. The humic substances are low in fulvic acidlike organic carbon and water-extractable organic carbon (Roletto et al. 1985; Senesi 1989) . Structurally, humic substances are 20-30 % aliphatic and 20-40 % aromatic. 20 % of hydrogen is bound to oxygen as carboxyl (-COOH) and phenolic hydroxyl (-OH) groups and the rest bound directly to carbon (Young 2010) . The interaction of macronutrients (i.e., alkali or alkaline earth metals) and heavy metals with the humic substances is a complex phenomenon with differing views. The alkali or alkaline earth metals are held weakly by exchangeable hydrated ions, or by electrostatic forces by charged humus carboxyl groups. In case of heavy metals, a metal chelate complex is formed and two or more coordinate positions of the metal ion are occupied by donor groups of a single ligand to form an internal ring structure (Stevenson 1994; Tan 2010) . The divalent and trivalent metals formed highly insoluble complexes, i.e., multidentate or multinuclear chelate sites with the functional groups of humus and are dominated by double or triple bonds to the mix of carboxyl and phenolic hydroxyl groups (Young 2010) . Cations with two positive charges such as Cu 2? can only be replaced by another transitional metal ion that has two positive charges. Chelation of toxic heavy metals such as mercury (Hg), lead (Pb) and cadmium (Cd) also forms organo-metal complexes which are less available for plant uptake. The stability of a metal chelate complex is determined by such factors as the number of atoms that form a bond with the metal ion, the number of rings that are formed, the nature and concentrations of the metal ions, and pH. Diethylene triamine penta-acetic acid (DTPA) extraction of heavy metals
The variation of DTPA-extractable heavy metals (Zn, Cu, Mn, Fe, Ni, Pb, Cd and Cr) during the composting process is shown in Table 4 . It has been considered that DTPAextractable metals are potentially bioavailable for plant uptake Singh and Kalamdhad 2013b, 2014b) . DTPA-extractable heavy metals were reduced significantly (P \ 0.05) in all trials during the composting process. The order of DTPA reduction was as below:
leachable concentration of the metals. The pH controls the solubility equilibria or complexation by soluble and surface legends and the increasing pH within the optimum range resulted in reducing the solubility and bioavailability of heavy metals (Cambier and Charlatchka 1999) . ANOVA analysis showed significant differences in the leachable concentration of heavy metals (Zn, Cu, Fe, Mn, Fe, Ni, Pb, Cd and Cr) of all trials (P \ 0.05).
Conclusion
Composting of S. natans biomass with the addition of optimum amount of cattle manure and rice husk enhanced the microbial degradation as well as the reduction of the bioavailability of heavy metals of the composts. Highest and lowest reductions of MC (30.8 and 13.1 %) and VS (31.4 and 9.9 %) were observed in trial 2 and trial 5, respectively. The highest and lowest reduction of water-soluble, plant-available and leachable metals was also mostly observed in trial 2 and trial 5, respectively. The pH of the trials was enhanced significantly and reached neutral. The total concentrations of Zn, Ni and Pb of the composts were higher than that of total Cr; but the concentrations of the water-soluble Cr of the composts were comparatively higher than that of water-soluble Zn, Ni and Pb, indicating higher toxicity of Cr. The leachable concentrations of heavy metals of the composts were within the prescribed limits. Transformation of S. natans biomass into compost may help in the protection of Loktak lake and at the same time decrease the use of chemical fertilizers.
